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ABSTRACT
The angular correlation of photons from positrons annihilating 
In compressed very finely powdered silicon dioxide has been measured 
as a function of magnetic field. The field dependence of the magnetic 
quenching of the orthopoBitronium was stronger than theoretical 
predictions and was similar to that reported for water. Use of 
the momentum distribution for crystalline quartz as the broad com­
ponent enabled the narrow component in the powdered amorphous quartz 
momentum distribution to be accurately isolated. The data indicated 
that singlet poBltronium is only partially thermalized prior to 
annihilation. Measurements have also been made on compressed silicon
dioxide powders having mean particle diameters of 50> 120, and 1*00 
o
A. The narrow component in the momentum distribution is much more
o o
pronounced in the 50 and 120 A powders than it 1b in the 400 A
powder. Measurements made in vacuum reveal a narrow component in 
the momentum distribution which increases with increasing temperature 
until a saturation temperature is reached. Similar measurements 
made in oxygen show an increased narrow component with a non-satu­
rating temperature dependence. From these measurements a temperature 
dependent oxygen enhancement factor has been determined. Both vacuum 
bake out and compressing the powder were found to increase the amount 
of narrow component.
1 INTRODUCTION
Positron annihilation is a measurement technique which Is useful 
in studying certain properties of matter, in particular, it has been 
used successfully to investigate the internal structure of some 
solids and liquids.
Some of the features of positron annihilation which make it 
desirable for these scientific examinations will now be discussed.
The positron is emitted with sufficient energy to penetrate Into the 
sample. It loses this energy by collisions with its surroundings and 
becomes a member of the electronic system. Since the positron now 
has very low energy, environmental interactions of the positron can 
be treated non-relatlvistically. The resulting momentum of the 
annihilating electron-positron pair can usually be attributed to only 
the electron, which can lead to useful information about the sample 
interior. This information contained in the annihilating process is 
carried to the detectors by photons which escape the sample with 
little scattering. A possible limiting factor for the amount of 
information obtainable by positron annihilation is the disturbing 
influence of the positron on the electronic configuration. The 
study of thermalized positronium can avoid this problem and can still 
permit one to gain knowledge of the structure of the sample.
Positronium is known to form in extremely fine silicon dioxide 
powder. A systematic set of experiments was performed on this sub­
stance in an effort to increase the understanding of the mechanics 
of the phenomenon and to relate these results to the physical pro­
perties of the powders.
1
2In the sections that follow, a brief survey is presented on 
positron annihilation which includes an explanation of the method 
of data interpretation. A detailed description of the apparatus 
and experimental techniques is given. The theoretical aspects 
specifically applicable to the current research are stated and 
compared to the results of this research.
2 BACKGROUND
2.1 Positron Sources
22
The three most commonly used sources of positrons are Na ,
58 6k
Co , and Cu . For most of the experiments using the positron
22
annihilation technique, Na is chosen for the positron source.
22
About 90^ 6 of the decays of Na result in the emission of a pos-
1itron with maximum energy of 0.5^4 MeV as shown in figure 1.
-11
The 1.28 MeV hard gamma ray is emitted within 10 seconds of
the positron, and the two can therefore be taken as time coin- 
1
cident. This feature of the decay scheme enables measurements
2m_cE.C.
(10#) /  (90#)
E (MeV) 
-■ 2.840
- - 1.820
(too-3*) T 1.8T6
0
22
Figure 1. Na decay scheme.
to be made on the length of time the positron exists before it
22
annihilates. The Na half-life of 2.6 years is the longest of
the three aforementioned positron sources.
The other two sources are much less efficient positron emit-
64
ters and have relatively short half-lives: 12.75 hours for Cu
58
and 71 days for Co . Despite the problems associated with short
3
k6k
half-lives, Cu has been found convenient for some work, especially 
for investigations on metallic copper and its alloys.
2.2 The Fate of Positrons Entering the Sample
■When the positron is injected into a metal target it will lose
most of its initial kinetic energy (thermalize) by collisions with
-12 2
the lattice and electrons in 10 seconds. The thermalizatlon
-10
time will vary with the target and can be as great as 10
3
seconds for insulators and gases. Normally the kinetic energy of
the thermalized positron will be on the order of a few hundredths
It
of an eV prior to annihilation with an electron. If the positron
remains free, (does not form a bound state with another particle),
-10 5it has a lifetime of about 1.5 x 10 seconds , which Is nearly
two orders of magnitude greater than the thermalizatlon time for
metals. The ensuing annihilation of the positron with an electron
can produce two photons oppositely directed and with equal energy
E = mQc = 0.5H MeV (in the center of masB system) provided
6
the spins of the positron and electron are antiparallel. This 
follows from conservation of energy and momentum, and it is assumed 
that there are no external fields present. Other combinations of 
even numbered photon emission are possible, but highly unlikely.
In the event that the poBitron and electron spins are parallel, 
the annihilation of the positron-electron pair produces three or 
more quanta; but the probability that more than three quanta are 
emitted is slight. The ratio of two-quantum decay to three-quantum
7
decay was calculated to be 1115* There are three possible substates
of the positron and electron leading to three-quantum decay. When
this fact is taken into account, the statistical weight of two-
7
quantum to three-quantum decay becomes 372. Thus free annlh-
lations are predominantly a two-quantum process. The emission
of zero or one quantum is not allowed unless additional particles
8
other than just the positron and electron are interacting. This
phenomenon is quite rare.
In some materials such as certain gases and amorphous solids,
the positron may form a bound state with an electron in the sample
The gross structure of this bound state is hydrogen-like except
that the energies are reduced by a factor of two compared to the
9
infinite nuclear mass calculations.' There are several different 
ways this bound state, called positronium, can annihilate. The 
ground state of positronium consists of two possible substates:
1 Xthe S=0, m=0 (or S; singlet state called parapositronium, and
3
the S=l, m=+l,0,-l (or S) triplet state called orthopositronium. 
The singlet state has a total spin angular momentum of zero where­
as the triplet state has a total spin angular momentum of one.
The usual decay patterns for these states are quite different 
Conservation of angular momentum requires that parapositronium 
normally decays by a two-quantum process whereby each quantum has 
equal energy of 0.511 MeV, and the photon pairs are oppositely 
directed in the center of mass system. The lifetime of paraposi-
-10 I®
tronium is 1 .2 5 x 1 0  seconds, and this state of positronium 
exists when the electron end positron spinB are antiparallel.
Free orthopositronium usually decays by a three-quantum process
6again due to conservation of angular momentum and has a lifetime 
-7 10of 1.40x10 ' seconds. There are three orthopositronium states,
and the ratio of singlet to triplet- annihilation rates is equal to 
11
372, analogous to the free annihilation ratio.
In the absence of any competing proceBB, of the positronium 
formed in a sample will be singlet and decay by a two-quantum anni­
hilation. The remaining 3A  will be triplet positronium and decay 
by a three-quantum process, unless It is quenched. Quenching
denotes any mechanism which causes the triplet positronium to decay
12
at a faster rate than normal. One such process is designated aB 
pickoff• The positron annihilates with an electron from the sur­
rounding medium having a spin opposite that of the positron. The 
resulting annihilation is a two-quantum decay which contains the 
momentum of the pickoff electron. Orthopositronium can also decay 
by a process called electron spin exchange. If the positron is in 
the presence of an atom ( or molecule ) which has at least one 
electron with an unpaired spin, collision with this electon can 
permit the electron in the orthopositronium to acquire the spin of 
the unpaired electron. This ortho-to-para conversion leads to a 
rapid singlet decay with the momentum of the positronium virtually 
unchanged by the process. Quenching can also be induced by an 
external magnetic field or with certain gases, as will be explained 
in section 4. Figure 2 summarizes the above discussion.
2 .3  Positron Annihilation Measurement Techniques
2.2.1 Angular Correlation Measurements
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two quan- 
um decay
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figure 2. Possible positron reactions.
8The long silt angular correlation machinery Is designed to 
measure the two quantum decay of positron annihilations. A de­
tailed description of the apparatus is given in section 3 * The 
present discussion will explain what is actually measured by this 
technique and how to interpret the results.
Consider a pair of annihilation quanta with momentum p^ and p^ 
which reach the detector slits as shown in figure 3* These quanta 
originate from a sample placed equidistant from the slits and on 
the y-axis joining the slits. The following calculation gives 
the conditions for which the two annihilation quanta of total
of the conservation of energy to the annihilation process requires 
that
where the small kinetic energy of the electron has been neglected.
Combining (2) and (3) gives the necessary condition for the 
two quanta to follow the paths of figure 3 :
momentum p, with a z component momentum p^, reach the detectorb. 
Conservation of momentum in the y and z directions gives
Q
(pl - P2) COS 5  = p cos <p (1)
and
(p! * P2) sin f  = P sin V> = P2 (2)
respectively, where p^ = IpiL p2 = Ip2 I , and p = |pj. Application
O
c (pi + Pg) = 2mc (3)
(*)
zDETECTORDETECTOR
y
Figure 3 . The annihilation photon momenta.
10
The necessary and sufficient conditions for the quanta to enter 
the detectors are given by (l) and (4). It can then be concluded 
that If the two annihilation quanta are to be detected, the z com­
ponent of their total momentum must be given by (U),'which Implies 
that the angle between the two quanta is
9 = -bI- <5)
The quantity 0 is what is actually measured by the angular
correlation equipment. It is obviously proportional to the z
component of momentum of the annihilating pair and is the angular
deviation from l80° associated with the two annihilation quanta.
normally one end of the equipment remains stationary while the
other end is moved through small angular deviations (-1°) about
180°, since virtually all the photon pairs are emitted within this 
13
angle. The annihilation quanta are collimated by narrow slits 
which give high angular resolution. The length of the slits sub­
tends an angle much greater than 9. This is equivalent to summing 
all the x components of the momentum. The Doppler shift associated
with the electron velocity in the y direction changes the energy
14
of the .511 MeV annihilation quantum by a few KeV or less. This 
change Is too small to be detected by the angular correlation 
apparatus and will not affect the data. Consequently, angular 
correlation techniques measure only the z component of the momentum 
of the annihilating pair.
Angular correlation data are taken by recording the rate of 
production of photon pairs at each of many angleB between 179° and
11
l8l°. Since the annihilation photonB are time coincident, the plot . 
of the angular distribution of the coincident counting rate corre­
sponds to a plot of the photon pair momentum versus ©, as measured 
in the laboratory system. Since the positron is normally thermalized 
prior to annihilation, this distribution can give information about 
the z component of momentum of the electron annihilating with the 
positron.
A very broad Gaussian-like distribution such as that for 
certain crystalline quartz (see section 4) indicates the absence 
of positronium formation. On the other hand, non-confined 
thermalized positronium would have a very low momentum which would 
appear as a narrow component at 9 - 0 superposed on a broad compo­
nent. The narrowness of this component indicates the degree of 
thermalizatlon and confinement of the positronium. Free annihila­
tions of positrons are with electrons possessing a wide range 
of momentum values which causes the momentum distribution to be 
rather broad. Pickoff annihilations are also included in this 
part of the distribution. If the positron annihilations are with 
conduction electrons in metals, the momentum pz is proportional
to the vector in k space; consequently the momentum distribution
2
can reveal features of the Fermi surface.
2.3.2 Lifetime Measurements
It will be necessary to compare some of the results taken 
from angular correlation measurements to existing results taken 
from lifetime measurements. Basically this measurement technique
traces the history of the positron from the time it is formed until
it annihilates. The 1.28 MeV gamma ray, which is time coincident
22
with the positron of the lb decay, Initiates the timing process. 
The quanta created by the subsequent annihilation of the positron 
halts the timing interval.. In .practice, lifetime data yields the 
annihilation rate as a function Of time.
Analyses of the lifetime data show that there are distinctly 
different lifetimes of the positrons depending on its mode of decay.
If the positron decays by free annihilation, it has a lifetime of
-10 10 
1.25x10 seconds, and this is designated as T^. The para­
positronium lifetime is also of this magnitude and is normally in­
cluded in T^ . Any difference between the lifetimes of these two 
decay modes would be difficult to resolve. Orthopositronium de­
caying by pickoff or electron Bpin exchange annihilations accounts
-9 15
for a TV, of the order of 10 seconds. Some other bound state
positron compounds are known to annihilate with a mean lifetime of 
16
T . Recently measurements have revealed a long lifetime, TV., of 
2 ^
-7
the order of 10 seconds, attributed to the free annihilation of 
17
orthopositronium.
The relative intensities corresponding to these lifetimes are 
designated I1, I£, and 1^. These intensities represent the fraction 
of positrons decaying with lifetimes TVj, Tg, and Tj respectively.
2.4 Positron Annihilation in Solids
Positron annihilation measurement techniques have been applied 
to nearly every type of condensed material, for example: crystals,
13
amorphous substances, metals, alloys, and powders. These measure­
ments have yielded such useful information as the momentum distri­
bution of the outer electrons, the shape of the Fermi surface in 
metals and alloys, and the formation of positronium in amorphous 
solids.
Much research has been directed toward metals. Here annihila­
tions of the thermal!zed positrons are mainly with the conduction 
electrons. Consequently the momentum distribution can reveal the 
shape of the Fermi surface. The fact that positron annihilation 
techniques do not depend on a long mean free path of the electron 
permits measurements to be made on non-dilube alloys. In addition, 
it is not necessary that data be taken at low temperatures or with 
extremely pure samples. Recent measurements made on copper-nickel
alloys have shown that the Fermi surface exists in a 50$ copper
18
and 50$ nickel crystal. The characteristic anisotropies of the
Fermi surfaces of these metals are not lost by alloying. In this
particular case the copper-nickel crystal was neutron irradiated
in a reactor, and the Bource (Cu^) and sample were one and the same.
Data from amorphous solids and powders have shown still
another phenomenon associated with positron annihilation, namely
17,19
the formation of positronium. Since the positronium atom
is electrically neutral, it does not have the disturbing influence
on the sample that the charged positron exerts. Measurements
made on amorphous solids have shown that positronium exists in 
20
defects, whereas in certain very fine powders, the positronium
21
is in the empty space surrounding the grains.
3 EXPERIMENTAL TECHNIQUES
3.1 Samples and Sample Preparation
Three different types of silicon dioxide powders were utilized. 
All were furnished by the Pigments Division of Degussa, Incorporated 
and marketed under the names Aerosil OX-50, Aerosil 200, and 
Aerosil 380. The size of the particles comprising these powders 
was advertised to be JtOO, 120, and 50 angstroms mean diameter 
respectively. Examination of electron micrographs of the Aerosil 
200 powder confirmed the mean diameter to be 120 angstromB. The 
technique proved unsuccessful with Aerosil 380 because the powder 
would not disperse sufficiently; therefore individual particles 
could not be seen. The particle diameters of the remaining powder 
were not measured since the manufacturer supplied.electron micro­
graphs in a descriptive brochure. Future reference to these three 
particle size powders will be frequent, thus for clarity and 
brevity, they will be called 400, 120, and 50 J? powders in 
reference to the mean particle diameters.
For most of the experiments, the silicon dioxide powder was 
compressed into ■§■ Inch diameter pelletB using a pressure of 
about 4 tonB/ln.^ . The height of the pellets was confined to 
the range of Q .0 7 to 0 .1  inches so that the top surface was approx­
imately at the center of the correlation apparatus. The densities 
were all about 0 .7  g/cm? as compared to the 0 .0 5 g/cm^. of the
light, extremely fluffy form of the powder. Positrons travel
22
about 0 .0 3 g/cm prior to annihilation, so these pellets per-
Ik
15
mitted positrons to pass many layers of particles but not deep
enough to affect the resolution of the system.
All powders were amorphous and more than 99-8# silicon dioxide
after surface adsorbed water was removed by a vacuum bake out for
several hours. The central core of SiO molecules was surrounded
2 2:
by approximately 3 sllanol groups (SiOH) per 100 2. surface area.
o 23
These can be removed by a bake out at temperatures above 200 C.
o
It was found in the case of 50 and 120 A powders that if
g
pressures greater than about 5 tons/in were used in the pellet 
making process, the resulting pellet tended to disintegrate when 
it was removed from the dies. The effect became more pronounced 
at higher pressures..and pellets literally exploded when pressures 
of to tons/in were used. Those fragments that did remain intact 
were translucent rather than opaque white. Surfaces were very 
shiny and the density was found to be about 1.1 g/cm3. Conversely, 
pressures less than about 2 tons/in were not sufficient to form 
pellets, and even those produced in the working range were diffi­
cult to make and were extremely friable.
The i*00 5 powder, however, waB much easier to work with and 
formed pellets over a much wider range of pressures. To keep 
variables at a minimum, these pelletB were also produced so as
O
to have a density of 0.7 g/cm *
In addition it was desired to have samples of the powders at 
maximum and minimum densities. The former was accomplished by
g
salvaging a rather large remnant of a pellet made at to tons/in 
pressure. A minimum density Bample was prepared by filling a
16
3/^ Inch diameter thin-walled aluminum cup with the powder and 
gently tamping the powder in such a way that the surface was reason- 
ably smooth and flat. The density of .this powder was 0.08 g/cm .
A magnetic field of 12kG prevented positrons from annihilating in 
the walls of the cup. Lead slits stopped the gamma rays resulting 
from annihilations in the bottom of the cup.
All samples were given a 2k hour bake out at 106°C to remove 
the residual water, as noted previously. The manufacturer reports 
this temperature to be adequate to remove surface adsorbed water.
The sole exception to this was the experiment specifically designed 
to teBt the effect of such a bake out.
3-2 The Positron Source
22
In every experiment positrons were obtained from a Na source 
of approximately 20 mCI. It was necessary to have the source
op
sealed; however, the original Na source unfortunately was not in 
thiB condition. Nickel was the metal selected for the source 
housing and foil window, primarily because it was easy to soft 
solder and was corrosion resistant. A 0.0002 inch thick nickel 
foil was carefully soldered to a nickel Jacket % inch In diameter 
at the source end, as shown in figure 4.
Since the N a ^  in the original source was in the form of NaCl, 
moet of the radioactivity could be removed by simply soaking it 
In distilled water followed by several rinses using distilled water. 
This highly radioactive solution was deposited one drop at a time 
onto the nickel foil and allowed to evaporate in a special chemical
17
— u-
1-
Figure b. The positron source.
hood. The application of heat speeded the process, nonetheless it 
was still quite time, consuming. The main reason for choosing such
pp
a method of depositing Na was to insure that most of the radio­
activity would be on the center of the foil where it would be a 
more efficient positron source as opposed to being deposited up 
the walls of the jacket.
pp
Once the Na was deposited on the foil, the nickel slug was
inserted and the ensemble was placed in a bell Jar. The final
solder joint wub made in the bell jar while the source was in a
-3
vacuum of about 10 Torr.
The design of the source holder enabled it to be placed on 
the end of an iron rod and inserted through the pole of an electro­
magnet. An 0-rlng seal placed between the source and sample holder 
lid made a vacuum tight fit.
pp
The half-life of Na is 2.6 years. Inasmuch as no individual 
experiment was permitted to last for over one week, it was unneces­
sary to make any corrections in the data due to source decay.
18
3-3 The Sample Holder
The SIO^ pellet or powder cup was placed in a stainless steel 
sample holder illustrated in figure 5. The primary purpose of this 
apparatus was in controlling the atmosphere and temperature of the 
sample.
The SiOg pellet was the target T of the source S and was
placed in a thin wall stainless steel cup C which was soft soldered
to a copper block B. A ^8 inch hole was drilled laterally through
the block and was connected in series with the nitrogen line IT and
the line F leading to a forepump. The outlets HV and LV led to a
high vacuum system and a low vacuum system respectively. The high
-5vacuum system was capable of maintaining pressures of 10 Torr^ and 
thus provided thermal insulation for the cup. The low vacuum sy­
stem pumped on the interior of the cup and could reduce the pres- 
-2sures to 2x 10 Torr.
The sample cup was covered by lid L of which several different 
types were used in the experiments. Most often it was constructed 
of Plexiglas and polished so that it was transparent. The entire 
sample holder was placed between the poles of a 0 - 12 kG variable 
electromagnet M. The source was mounted on the end of an iron rod 
R and lowered into place through a ^ inch hole in the top pole of 
the magnet.
3.t Temperature Control
The nitrogen line N in figure 5 terminated near the bottom of 
a 100 liter Dewar. A needle valve connected between F and the
LV
HV
/ » \
Figure 5* The sample holder.
20
vacuum pump regulated the rate at which cold nitrogen gas traveled 
through the copper block and consequently controlled the tempera­
ture of the sample. Three copper-constantan thermocouples wired in 
series were cemented with epoxy to the block. In order to reduce 
heat conduction, the wires connecting the thermocouples to the 
housing were long helices. The temperature of the block and sample 
were monitored by using a potentiometer to measure the voltage 
difference between the thermocouples on the block and those in an
equilibrium ice-water system. This arrangement permitted contin-
o
uous temperature control in the range +27 to -190 C.
Temperatures greater than room temperature were needed, thus 
four 10 ohm 2 watt resistors connected in series were also cemented 
with epoxy to the copper block. A variable 0-35 Volt DC power 
supply provided sufficient current to enable temperatures of more 
than 150°C to be reached. When the electromagnet was on, DC was 
necessary since AC produced excessive vibrations in the helices. 
Since the source and parts of the sample holder were assembled 
with soft solder, it was decided not to use temperatures above 
150°C. Again temperature readings were taken with a thermocouple.
The thermocouple output was also fed into a Leeds and Northrup 
multichannel recorder, using a helipot to regulate the input volt­
age. In this way the temperature variation during the course of 
any experiment was accurately recorded at all times.
3*5 Angular Correlation Apparatus
All data were taken with equipment designed to measure the
21
angular distribution of the two quanta decay of positrons. The 
sample was positioned at A, the geometrical center of the equip­
ment. The source was placed a few centimeters above the sample. 
Collimating slits B and C of figure 6 were designed to prevent 
gamma rays from the source from entering the four Nal detectors, 
two of which are located at F and the other two at G. D and E 
represent additional collimating slits. The detectors at the 
fixed end were positioned 250 inches from A as were those at the 
movable end G.
A motor at G, not illustrated, moved the table up and down 
in such a manner that one half turn of the motor shaft corresponded 
to an angular shift of 0.1 mrad. The system could be programmed 
so that it would automatically stop at any of 500 positions, each 
0.1 mrad. apart. When the detectors were located at about stop 
number 250, F,G, and the top of the sample were colinear and the 
detectors would measure annihilation quanta whose momenta were in 
opposite directions.
A Nuclear Data, Inc. model ND-536CTB electronic timer was 
incorporated into the system so that the machinery would stop at
-5 1* /any position for a preset time from 10 to 10 seconds. (For some
of the earlier runs, timing was done using a mechanical clock
which could be set for any time Interval between 0 and 20 minutes.)
After a preset time period, a mechanical printer would record the
total number of coincidences, the apparatus would reset itself and
proceed to the next designated stop. The equipment was thus
totally automated; it was, however, required to initially select
p G
Figure 6. The angular correlation apparatus.
23
the stopping points by inserting diode switches into any of the 
500 plugs on a 10x 50 array and to set the clock for the deBired 
timing interval.
When every preselected point for a particular experiment was 
counted, called a scan, the equipment would recycle and begin a 
new scan. The operator had to determine the number of scans which 
would give the desired statistics and shut down the equipment 
after this time had elapsed. During the course of these runs, the 
recorder would keep a continuous record of the temperature of the 
sample, the coincidence counts at each previous stop, and the 
rate of incident quanta at each end of the apparatus. Thus an 
entire history of the run was obtained as a function of elapsed 
time.
Lead bricks were arranged in front of the Nal detectors so 
that the detectors were exposed to the sample through a narrow 
slit. Appropriate shims were used to vary the width of the slit 
to any desired amount. For this set of experiments, slit widths 
of 0 .05, 0 .1  and 0 .1 5 inches were utilized, and geometrically 
these widths caused the detector to subtend angles of 0.2, 0.J*, 
and 0 .6  mrad respectively.
The electromagnet was placed on a table at position A and 
housed the source and sample chamber between its poles. The 
magnet could be used to focus the positrons into the target by 
using a field of about 8 kG, or the field could be used as a 
variable parameter in magnetic quenching experiments. The 
magnetic field was accurately calibrated using a spinning coil
2h
gaussimeter.
3.6 Radiation Safety-
22
All of the experiments used the Na source. Certain precau­
tionary measures were taken to ensure that adequate protection 
from radiation was afforded. When not in use, the source was 
always stored in an 8 inch diameter cylindrical lead pig. Removal 
of the source and installation of the iron rod were done behind a 
lead brick wall. Transferring the source from the storage and 
preparation table to the magnet was done with the source in a 
plastic bag so that possible contamination of the floor and table 
were avoided. Adequate lead brick shielding surrounded the source 
while it was in the magnet and while it wsb being used for the 
experiments. Monthly film badges were worn by the operators, and 
frequent periodic smears of the working areas were taken and 
checked for contamination. If any contamination was found, it was 
cleaned up Immediately.
3.7 The Electronic Circuitry
All coincidence measurements were taken with the electronic 
circuitry shown in block diagram form in figure 7* Light from 
scintillations in the four Mai detectors was converted to electrical 
pulses by RCA model 631+2-A photomultiplier tubes. The output of 
each photomultiplier was fed into a Hamper model MB-12 preamplifier 
which had a voltage gain of roughly three. The two preamplifier 
outputs on each end of the apparatus were connected in parallel, 
and each of the resulting two signals was sent to a double delay
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Figure 7- The electronic circuitry.
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line amplifier , Hamner model HA.-12. Pulses arriving at the DDL’s 
were energy dependent, I.e., the voltage of the pulses vas a 
function of the original gamma ray’s energy. The DDL changed 
these pulses into bipolar pulses without altering the inherent 
energy dependence carried by the input pulses. Furthermore, these 
output pulses from the DDL's were symmetric about the zero cross­
over point which now provided time Identification for the pulse.
The output of each DDL was sent to a Hamner model HC-l4
pulse height analyzer. The function of the PHA's was to select
pulses whose voltage corresponded to a certain selected energy
range and disregard any other pulses. The voltage limits were
set at 2 volts and 7 volts with the annihilation photopeak being
at 5 voltB. Thus the 1.28 MeV hard gamma ray associated with
22the positron decay of Ha as well as cosmic rays was rejected.
The lower limit of 2 volts Increased timing accuracy by reducing 
jitter and walk. Additionally the PHA's generated a uniform 
output pulse when the zero crossover point of the input pulse 
occurred. This pulse waB not energy dependent, but the time of 
its formation coincided to that of the zero crossover pulse Inde­
pendently of the leading edge of the original pulse. ThuB, the 
zero crossover point circuitry of the PHA's eliminated the guess­
work of determining the time origin of energy dependent pulses.
The PHA outputs were fed into rate meters and the coincidence 
module, Hamner model HL-l6 . Each rate meter, Hamner model HR-10, 
measured the rate at which events were received from the appro­
priate PHA, and its output drove two of the twelve channels of
27
the recorder. The coincidence module would only accept pulses 
from one PHA. that were within a certain range of time coincidence 
with pulses from the other. This range of coincidence is the time 
resolution, and it could be reduced to about 10 nanoseconds, if 
desired. Since the side channel rates were rarely over 200 counts/ 
second, a time resolution of k5 nanoseconds was selected for the 
data runs. At this value, the efficiency of measuring coincident 
counts was nearly 100$, but the rate of accidental counts was 
very small. Each coincident count was recorded on a Hamner model 
NS-11 scalar.
3*8 Experimental Preparations
After deciding which powder was to be used for a selected 
set of experiments, an appropriate pellet was prepared, weighed, 
and measured. It was placed in the sample holder which was then 
inserted between the poles of the magnet and positioned properly 
so that the source would slip into the hole in the lid of the 
sample holder. After the high vacuum system was started, the 
system containing the sample was very slowly evacuated so that 
the pellet would not be displaced from the center of the cup. The 
DC power supply was set at the sample heater voltage which pro­
duced a temperature of 106°C. When this temperature was reached, 
the pellet was not disturbed for the 2k hour vacuum bake out.
All electronic equipment was permitted to warm up for several 
hours, the correlation apparatus was programmed, and the desired 
temperature for the experiment was obtained. If the data were to
28
to be taken while the sample was in a vacuum, all that remained 
was to select the value of the magnetic field and start the run.
If the sample was to be in an oxygen atmosphere, laboratory grade 
oxygen was slowly allowed to bleed through an alcohol-dry ice cold 
trap into the sample holder. Again caution was exercised so the 
pellet would not be moved off center. The magnetic field was then 
chosen and the run was started.
The decision as to when a given run should terminate was 
based solely upon the rate at which coincidence counts were 
accumulated at the maximum point in the angular correlation 
distribution. The standard deviation for 10 counts is only Vjo, 
and this accuracy was considered adequate for the interpretation 
of the data. It was thus decided to allow each experiment to last 
until at least 10^ coincidence counts were recorded at the 
maximum point. This waB done for all experiments except those 
performed with very low or zero magnetic fields, in which case 
the rate of coincidence counts waB so low that time became a 
limiting factor. Nonetheless, at least 6000 counts were obtained 
at the maximum for the zero field data, and the standard deviation 
was only about 1
The first experiments performed with low magnetic fields 
employed a sample holder lid that permitted positrons annihilating 
in the cup to be counted. (Magnetic fields above 3 kG focused 
all the positrons into the sample.) This necessitated a subse­
quent run using just the sample holder at the same conditions as 
the run with the sample, in order to find the contribution of the
29
cup. This was then subtracted from the raw data to get the corre­
lation distribution of the sample. later a lid was designed which 
absorbed positrons that would have annihilated in the cup and 
positioned such that the annihilations in the lid were screened 
from the detectors by the collimating slits C and D of figure 6 .
In this instance no correction was necessary.
A third lid was employed for the high temperature oxygen run. 
Since it was absolutely essential that the temperature of the 
source remained well below the melting point of soft solder,, and 
a data run in oxygen at temperatures near that point was needed, 
a stainless steel lid was designed specifically for this purpose.
A copper constantan thermocouple was built into the lid a few mm 
from the source, and the temperature of this region was carefully 
monitored throughout the run. Stainless steel was chosen over 
Plexiglas because the latter softened at temperatures above 120°C.
It was discovered that with this lid, the source remained at about
. o o
40 C when the sample was at 150 C.
4 THEORY AND HE3UITS
4.1 General Discussion
Positron annihilation lifetime measurements on certain very
finely powdered oxides have confirmed the presence of positron- 
17, 24
ium. These measurements indicate that a substantial amount
of positronium was formed in the powder grains and subsequently
diffused into the void regions surrounding the grains prior to 
17, 21
annihilation. If the powder was in a vacuum, the lifetime
of the orthopositronlum approached the theoretical lifetime of
21
l4o nanoseconds for three-quantum decay in vacuum. Utilizing
21
the lifetime data, Brandt and Faulin have calculated the 
positronium diffusion constant for several different oxide powders 
including silicon dioxide. The value of this constant was depen­
dent upon the chemical composition of the powder and the size of 
the grain comprising the powder.
The angular correlation measurement apparatus counted only 
two-quantum positron annihilations. Consequently, the resulting 
momentum distribution did not include any three-quantum annihila­
tions, in particular, those associated with the decay of ortho- 
positronium formed in the powdered oxides. However, magnetic
fields and certain gases —  namely NO, N0_, and 0o —  are known
2 25
to convert orthopositronlum to parapositronium. This fact made 
it possible to investigate certain properties of the positronium 
diffusion process and magnetic field effects by using angular 
correlation techniques.
30
31
k.2 Magnetic Quenching
The study of magnetic field effects on positronium in solids 
has been hampered by plckoff annihilation which considerably 
reduces the arthopositronium lifetime. It was thus necessary to 
use very large magnetic fields in order to compete with the pick- 
off process. An alternative solution was to study the field 
effects on gases. The low gas densities, however, permit- the 
positron to travel a sizable distance before annihilating, and 
that reduces the angular resolution. The silicon dioxide powders 
avoided these problems by simultaneously providing a well defined 
target and a pickoff free region into which the positronium can 
migrate.
In the presence of a magnetic field the m = 0 triplet and
singlet states of orthopositronlum mix which then allows the m = 0
26
triplet state to decay by two-quantum annihilation. The m = ± 1
triplet states are not affected by the magnetic field and will
26
decay by the usual three quantum process. The magnetic field
dependence of the two photon annihilation of triplet positronium, 
27
£, is given by
L = AT3/ (T1 + AT3) (6)
? 2 2 2
where A = [ ( l  + x )  - l] / x , x = W, fl is the magnetic
moment of the electron, AW  is the energy difference between the 
triplet and singlet states, H is the external magnetic field, and 
and are the triplet and singlet lifetimes. The equation Is
32
plotted in figure 9*
Suppose positrons were injected into a given sample resulting
in the formation of thermalized positronium. The low momentum of
this positronium would cause the angular distribution curves to
have a narrow component superposed on a broad component. The
broad component arises from free annihilations or pickoff annihila-
o
tions in the sample. Accordingly, data were taken using the 50 A
silicon dioxide powder.
It was anticipated from lifetime data that there would be
positronium formation in this sample, so it was desired to compare
these data with an angular distribution for the same material
exhibiting no positronium formation. Certain quartz crystals
whose momentum distribution did not possess a narrow component
28
have been reported in the literature. Following Page and 
29
Heinberg, in this and all subsequent angular correlation exper­
iments with the silicon dioxide powders, the angular momentum 
distribution for crystalline quartz was normalized to the experi­
mentally determined angular momentum distributions. This was 
accomplished by forcing the momentum distributions to fit at 
angles larger than 6 mllliradians. By this method any narrow
component could be easily distinguished from the broad component, 
o
The 50 A powder was compressed into a pellet as described in 
section 3*2. The sample chamber was evacuated, the temperature 
waB raised to 86°C to increase the coincidence counting rate 
(for reasons given in section 4.3.2) and the magnetic field was 
varied from 0 to 12 kG. The angular momentum distribution for
Co
in
cid
en
ce
 
co
un
tin
g 
ro
te
33
Ht 8.0 kG
H> 3.2 kG
H» 1.7 kG
H> 1.35 kG
H« 1.2 kG
Crystalline Quartz
Angle between photons in mrad
Figure 8. Momentum distribution of photons from positrons 
annihilating in powdered guart2 .
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Figure 9. Magnetic field quenching of the triplet
m  = 0 positronium in powdered quartz. The 
solid line is a plot of equation (6). The 
dashed line is a similar plot of equation 
(6) with the modified parameters suggested 
by Gol'danskii.
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these experiments is plotted in figure 8. The dashed curve is the 
momentum distribution for crystalline quartz. For clarity of 
presentation, actual data points are shown for just the H = 0 and 
H = 8 kG curves. All other angular correlation measurements were 
made in a similar fashion. The curve for 12 kG is not shown
because it was identical to the curve for Q kG.
The area under the momentum distribution is proportional to 
the total number of annihilation events recorded for a given 
experiment. Since the magnetic field is quenching some (or all) 
of the m = 0 triplet orthopositronlum, the difference in area 
between the momentum distribution of this curve to that for the 
zero-field curve gives the additional orthopositronlum quenched. 
Consequently, the experimental quenching shown in figure 9 is 
given by
E  = ( %  - D0)/ (Ds - D0) , (7)
where is the area of the momentum distribution at E / 0, DQ
is the area of the momentum distribution at H = 0, and Dg is the
area of the momentum distribution at saturation field. Area 
measurements in this and subsequent cases were made using a 
planimeter.
Comparison of the experimental results of figure 9 with the 
theoretical curve for free positronium indicates that the quench­
ing is consistently stronger than predicted. A similar effect
30
was noted by Fabri et» al, who measured the magnetic quenching
26
of positronium in water. Goldanskli has pointed out that if
-U
instead of the free space value, Aw is taken to be 3 xlO eV in
-10
water (with a concomitant increase of to 3*5 x 10 seconds), 
the theoretical quenching curve would be shifted sufficiently to 
account for the discrepancy. This curve is also shown in figure 
9 and fits reasonably well to the data points for silicon dioxide 
powder. The outer layer of -adsorbed water had been removed by 
the vacuum bake out, but some residual chemically absorbed water 
still remained, and its removal required bake out temperatures 
beyond the range of the apparatus. Hence, there is some justifi­
cation for comparing the magnetic quenching results for silicon 
dioxide to those of water. It is interesting to note that MgO 
powders have shown no such strong deviation from the theoretical
v, 31'32quenching.
Triplet m = 0 three-quantum annihilations are not isotropic 
in the presence of a magnetic field. Consequently, when deter­
mining magnetic field quenching by the three-quantum process, the
statistical weighting factor of l/3 for each of the three triplet
32,33
states must be modified. For example, the triplet m = 0
state has the weighting factor of l/2 instead of l/3 when three 
o
detectors 120 apart are in a plane normal to the magnetic field. 
The measurements taken for two-quantum annihilations are not 
affected by this change.
Hereafter the term "narrow component" will be taken to mean 
the difference in areas between the powder momentum distributions 
and the crystalline quartz momentum distribution. Referring to 
figure 8, it can be seen that a narrow component exists even in
37
the H = 0 case. If this narrow component 1b taken to he due to
annihilations of parapositronium, then the two-photon enhancement
can be expressed in terms of the ratio of the narrow component at
H £ 0 to the narrow component at H = 0.
Positronium is normally comprised of £ singlet and £ m = 0 
32
triplet positronium. Therefore it is anticipated that the 
maximum increase in the H / 0 narrow component to the H = 0 
narrow component is a factor of 2. The maximum measured ratio 
for H / 0 Is found to be 1-91 ± -05* This is in reasonable agree­
ment with the expected ratio of 2, which indicates that the choice 
of the crystalline quartz momentum distribution adequately repre­
sents the broad component of the powdered quartz momentum dlstri-
22 , 3^
bution. Ha positrons are about 15% polarized and as a result, 
the presence of a magnetic field causes the singlet and triplet 
m = 0 states to no longer form in the usual one-to-one ratio. If 
the magnetic field is in the direction of the positron's polari­
zation, which is the case for all present experiments, an 8 kG
magnetic field will reduce the m = 0 triplet state population 
v 35
by about 3%. The singlet state population is increased by the 
same amount, however, so there will be no net change in the 
narrow component.
The narrow component as a function of magnetic field is 
depicted in figure 10. The increase in the narrow component Is 
accompanied by a substantial narrowing. Since the H = 0 narrow 
component is due entirely to singlet positronium annihilations, 
this narrowing indicates that the singlet poBitronlum 1b only
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Figure 10. Variation of the narrow component as a 
function of magnetic field.
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partially thermallzed. The lifetime of triplet positronium is 
sufficiently long to permit complete thermalization, even in the 
presence of a magnetic field. The momentum of non-thermalized
parapositronium broadens the narrow component, however, and it is 
this phenomena which accounts for the change in the narrow component 
width as the field is varied.
The full width at half maximum (fwhm) of the difference be­
tween the H  = 8 and H  = 0 kG narrpw components is 1.9 milliradians. 
This is the narrow component associated with the m = 0 triplet 
positronium. It corresponds to the ground state momentum of
positronium confined to a spherical infinite potential well of 
o 36
about 22 A diameter. This is in reasonable agreement with the
size of the interstices between relatively close packed rigid 
o
spheres of 50 A mean diameter.
4.3 Parameters Affecting Positronium Formation
4.3*1 Particle Size
Existing lifetime data predicted that the amount of poBitron-
ium diffusing out of the particle grains increased rapidly as the
17
grain size decreased. Accordingly, angular correlation measure­
ments were made on all grain size powders.
An 8 kG magnetic field was used to focus the positrons into 
the target. As previously pointed out, this field is sufficiently 
strong to completely quench the m = 0 triplet positronium, hence 
the narrow component is composed of both parapositronium and m = 0 
orthopositronlum. The momentum distributions shown in figure. 11
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Figure 11. Effect of variation of powder grain diameter. The upper curve is for 
the 50 A powder and the lower curve is for the 400 A powder.
Ill
clearly show that the area of the narrow component is much smaller 
for the hOO A powder. Thus much less of the positronium is able 
to diffuse out of the coarse powder than for the fine powder. 
Moreover, the full width at half maximum is larger for the coarse 
powder narrow component, which implies that the average momentum 
of the annihilating positronium is greater in this powder. This 
means that the positronium is confined to a smaller region, sug-- 
gesting that some of the annihilations are taking place in grain 
defects.
. o
Figure 11 shows the actual data points for the 50 and 400 A
o
powders taken in vacuum at a temperature of +86 C. The dashed
line is the crystalline quartz momentum distribution. In all
cases, differences in the momentum distributions for the 50 and
120 J2 powders were very small and showed no consistant pattern.
Apparently the amount of orthopositronlum leaving the grains
o
varies rapidly between 220 and 400 A powders but is not strongly 
dependent on grain diameter for smaller particles. ThiB is
17
consistent with lifetime data reported by Paulin and Ambroslno 
on the intensity, I^, of the orthopositronlum. A brochure sup­
plied by the manufacturer indicates that there is a considerable
o
overlap of particle sizes of the 50 and 120 A powders, but only a
. o
small percentage of particles of the 400 A powder are in this
o
range. Since the 50 and 120 A powders produced similar momentum
o
distributions, the momentum distributions of the 120 A .powder 
have not been included in the following figuree.
42
4.3.2 Temperature Dependence In Vacuum
In a diffusion controlled process it is natural to anticipate 
a temperature dependence of the diffusion length. Therefore, 
angular correlation measurements were made on all three types of 
pellets in vacuum with a constant magnetic field of 8 kG. The 
results for the 50 $ powders are shown in figure 12. It is appa­
rent that the temperature effect saturates above 86°C. This can 
be interpreted to mean that all the positronlum formed in the 
grains has diffused into the void spaces between the grains prior
to annihilation. Baulin and Ambrosino have made lifetime measure-
o ^
ments on these powders in vacuum for temperatures above 25 C.
Their data show only a slight temperature variation since their
measurements were made primarily in the region where the tempera-
, o
ture effect saturates. The 400 A powder pellets showed no tempera 
ture variation in vacuum, which further substantiates the state­
ment that some annihilations in this powder are in grain defects.
Since the area of the narrow component was at a maximum for 
o
temperatures above 86 C, many of the experiments in vacuum were 
performed at such temperatures. This results in obtaining 
coincidence counts at the most rapid rate.
4.3.3 Temperature Dependence in Oxygen and the Oxygen Enhance­
ment Factor
The quenching effect on orthopositronium of a paramagnetic
37
gas such as NO, NOg and 0g is well documented. There are at 
least two competing effects: pickoff, which adds to the broad
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Figure 12. Temperature effect in vacuum.
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component in the momentum distribution; and spin conversion, which 
adds to the narrow component. Spin conversion is the change in 
the orthopositronium spin caused by the colliding oxygen (NO, NOg, 
etc.) molecule whereby no electrons or energy are exchanged.
Since the positronium is originally formed in the particle 
grains, it seems unlikely that the presence of oxygen gas will 
have much effect on the formation of positronium. On the other 
hand, once the positronium has diffused out of the powder, the 
oxygen will have a large Influence on the lifetime of the orthoposi­
tronium, and a considerable increase in the narrow component is ex­
pected under these circumstances.
Angular correlation measurements were taken on the three pow­
ders in a dry oxygen environment at atmospheric pressure. A
focusing field of 8 kG was used and data were taken at several
o
temperatures between -170 and +1^3 C. The results of these meas-
o
urements for the 50 A powder are shown in figure 13. The area of
the narrow components for these distributions is much larger than
those in vacuum at similar temperatures. The angular distribution
. o
obtained from positrons annihilating in the 400 A powder at two
widely differing temperatures are shown in figure l4. A slight
temperature dependence is visible with oxygen.
The ratio of the area of the narrow component to the total
area of the distribution is plotted in figure 15 as a function
o
of temperature for the 50 A powder both in vacuum and in oxygen.
A curve representing the variation in multiplicative factor,
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Figure 13. Temperature effect in oxygen for the 50 8 powder.
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Figure 14. Temperature effect in oxygen for the 400 & powder.
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called enhancement, required to bring the percent narrow component 
curve in vacuum into coincidence with the curve for oxygen is also 
shown in figure 15.
Both the vacuum and oxygen data of figures 12 and 13 were
obtained in the presence of an 8 kG magnetic field. As noted
earlier, such a field, is strong enough to quench all the m = 0
triplet positronium. The angular correlation distribution for
the 50 powder was then remeasured in oxygen with no external
magnetic field. The distributions for the powder in oxygen were
identical whether or not an external magnetic field was present.
The magnetic interaction of oxygen is far too small to account
39
for the quenching, and yet in the presence of oxygen there is 
no longer any enhancement of the narrow component by the presence 
of an 8 kG external magnetic field. It thus appears that oxygen 
is able to quench all three substates of triplet positronium.
The magnetic field is able to quench m = Q orthopositronium, 
thus the narrow component in this case is comprised of the m = 0 
triplet and singlet positronium which is ^ the available positron­
ium, whereas oxygen 1b able to quench all the positronium. The 
area of the narrow component for oxygen quenching would therefore 
be double that for magnetic quenching. It is apparent from the 
enhancement curve of figure 15 that the doubling of the narrow 
component area is not achieved. This reduction in the anticipated 
enhancement Is attributed to a competing process Introduced by 
the oxygen —  most probably pickoff. The increase in enhancement 
factor with temperature suggests that the effectiveness of oxygen
J+9
pickoff decreases with increasing temperature.
Data were also taken on the 50 $ powder in dry air. As ex­
pected, the angular distribution had a narrow component which was 
not quite as pronounced as that in oxygen.
it.3 .4 Surface Conditions
The effect of surface conditions was examined by measuring
o
the angular correlation distribution of 50 A powder in dry air 
before and after a 24 hour vacuum bake out at 106 C. As can be 
seen in figure 16, the presence of surface absorbed water reduces 
the amount of narrow component. This is consistent with the
40
reduction in 1  ^caused by the absorption of water in silica gel. 
Thus it can be concluded that although the temperature and size 
effects support the viewpoint that positronium is formed in the 
powder grains and diffuses into the empty regions, surface inter­
actions must not be discounted.
4 .3 .5  Powder Density
All the powders discussed thus far were prepared in a pellet
2
press with a pressure of about 4 tons/in. and had a density of
0.7 g/cm^ . Measurements were made on the 50 ^ powder compressed 
to a density of 1.1 g/cm . Measurements were also made on the 
same powder contained in a thin-walled cup and subjected to only 
a light tamping. (As noted previously, precautions were taken to 
ensure that positrons did not annihilate in the containing vessel,) 
The density of the powder in the cup was 0.08 g/cm . The results 
of these measurements are shown in figure 1 7•
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Figure 16. Effect of vacuum bake out.
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Figure 17. Effect of density. The powder density was 1.1, 0.7, and 0.08 g/cm^
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It Is clear that compressing the powder enhanced the narrow 
component. It was anticipated that compressing the powder would 
reduce the amount of surface area exposed to the interstices 
thereby reducing the amount of positronium diffusing out of the 
grains. Moreover, that positronium which did diffuse into the 
voids would be confined to a smaller region. The first statement 
would indicate a reduction in the narrow component while the 
second would imply a broadening of the width of the narrow compo­
nent. Neither of these speculations occurred.
It might be argued that the positron depth of penetration 
blurred the results for the momentum distribution of the tamped 
powder. Should this have been the case, the reduced instrument 
resolution would have the effect of broadening the momentum 
distribution in addition to lowering the peak height. Thus the 
total area of the narrow component would remain constant, which 
is obviously not the case. The area of the narrow component is 
significantly less for the tamped powder than for the compressed 
powder. Furthermore, the maximum target thickness exposed to the 
detectors was limited by the use of adjacent lead slits.
The area of the narrow component for the tamped powder was 
about 26$ of the total area of the distribution. Since these 
measurements were taken at a saturation magnetic field, approxi­
mately one-half or 13$ of the narrow component was from paraposi- 
tronium annihilations. This compares favorably to the existing
lifetime data which predicts a narrow component area in the
17,21*
range of about 8 to ll*$.
5 SUMMARY
o
The magnetic quenching of m<=0 triplet positronium in the 50 A 
silicon dioxide powder was discovered to be stronger them theoret­
ical predictions,, unlike the published results for magnesium oxide 
powder. Chemically absorbed water exists in the silica powders and 
the quenching curve is comparable to that obtained with water. The 
stronger quenching may then be attributed to the absorbed water.
The narrow component of the momentum distribution was isolated 
by normalizing the distribution to a crystalline quartz momentum 
distribution. The magnetic quenching experiments proved that the 
crystalline quartz momentum distribution adequately represents the 
broad component. The narrow component associated with paraposi- 
tronium decays was much broader than the narrow component asso­
ciated with quenched m=0 orthopositronium decays. It was con­
cluded that the parapositronium was not completely thermalized 
prior to annihilation.
o
The momentum distributions of the 50 and 120 A powders in
vacuum are identical due in part to the overlap in particle sizes
of these powders and to the fact that positronium diffusion is
rather independent of grain size in this region of mean particle
o
diameters. The momentum distribution of the 50 and 120 A powders
is characterized by a temperature dependent intense narrow com-
o
ponent. The temperature dependence saturates above 86 C which 
shows that above this temperature all the positronium formed in 
the powders Is able to diffuse into the interstices. It was ob-
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served that the 400 A powder momentum distribution did not depend 
on temperature when the powder is in vacuum, and the narrow compon­
ent associated with this distribution is considerably diminished 
and broadened. The broadening of the narrow component implies that 
some positronium annihilations take place in grain defects and the 
reduction implies less positronium diffuses out of the powder grains.
Oxygen increases the intensity of the narrow component, but not 
as much as the predicted doubling of the narrow component at satur­
ation magnetic fields. The reduction in the anticipated intensity 
is attributed to pickoff. The fact that no magnetic field effect 
is observed when the sample Is in an oxygen environment implies 
oxygen quenches all the m=0 orthopositronium. In addition, oxygen 
is not a magnetic quenching process. Hence it is concluded that 
oxygen completely quenches all three substatee of triplet positron­
ium.
When the sample is in the presence of oxygen the temperature
dependence of the momentum distribution does not saturate. Since
all the positronium has diffused out of the powder grains at tem-
o
peratures near 86 C, the additional temperature increase In the 
narrow component occurs because of a reduction 'tin'the competing 
pickoff process.
Surface adsorbed water, which can be removed by a 24 hour 
vacuum bake out, ha S' the effect of reducing the intensity of the 
narrow component. It Is apparent that sufface effects must not be 
dismissed.
The intensity of the narrow component is increased as the den-
55
3 3
sity is increased from a 0 .0 8  g/cm powder to a 1.1 g/cm pellet.
The larger narrow component of the pellets expedited the data
taking process and made the curves easier to analyze} but was
contrary to the anticipated result.
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